Sphingosine-1-phosphate (SPP), formed by sphingosine kinase, is the ligand for EDG-1, a GPCR important for cell migration and vascular maturation. Here we show that cytoskeletal rearrangements, lamellipodia extensions, and cell motility induced by plateletderived growth factor (PDGF) are abrogated in EDG-1 null fibroblasts. However, EDG-1 appears to be dispensable for mitogenicity and survival effects, even those induced by its ligand SPP and by PDGF. Furthermore, PDGF induced focal adhesion formation and activation of FAK, Src, and stress-activated protein kinase 2, p38, were dysregulated in the absence of EDG-1. In contrast, tyrosine phosphorylation of the PDGFR and activation of extracellular signal regulated kinase (ERK1/2), important for growth and survival, were unaltered. Our results suggest that EDG-1 functions as an integrator linking the PDGFR to lamellipodia extension and cell migration. PDGF, which stimulates sphingosine kinase, leading to increased SPP levels in many cell types, also induces translocation of sphingosine kinase to membrane ruffles. Hence, recruitment of sphingosine kinase to the cell's leading edge and localized formation of SPP may spatially and temporally stimulate EDG-1, resulting in activation and integration of downstream signals important for directional movement toward chemoattractants, such as PDGF. These results may also shed light on the vital role of EDG-1 in vascular maturation.-Rosenfeldt, H. M., Hobson, J. P., Maceyka, M., Olivera, A., Nava, V. E., Milstien, S., Spiegel, S. EDG-1 links the PDGF receptor to SRC and focal adhesion kinase activation leading to lamellipodia formation and cell migration. 
The bioactive sphingolipid metabolite sphingosine-1-phosphate (SPP), formed by activation of sphingosine kinase in response to diverse stimuli, is the ligand for the endothelial differentiation gene 1 (EDG-1) family of GPCRs (reviewed in refs 1-3). These receptors, which include EDG-1, -3, -5, -6, and -8, all bind SPP and dihydro SPP with high affinity but couple to different G-proteins and thus regulate diverse processes. Whereas EDG-1, EDG-6, and EDG-8 couple mainly to G i , both EDG-3 and EDG-5 activate G i , G q , and G 12/13 (reviewed in refs [1] [2] [3] [4] . Although these receptors are differentially expressed, they have all been implicated in cell migration (5) (6) (7) (8) (9) . Activation of EDG-1 or EDG-3 by SPP or dihydro SPP in many cell types induces chemotaxis, whereas binding of SPP to EDG-5 abolished directed chemotaxis and membrane ruffling (5, 10 -13) . Members of the EDG-1 family differentially regulate the small GTPases of the Rho family, particularly Rho and Rac (14) , which are downstream of the heterotrimeric G-proteins and are important for cytoskeletal rearrangements (15, 16) . Binding of SPP to EDG-1 regulates Rac-coupled cortical actin formation (14) , whereas binding to EDG-3 and EDG-5 elicits Rho-coupled stress fiber assembly (10); EDG-5 also negatively regulates Rac activity (10) , thereby inhibiting cell migration.
Cell movement is essential throughout life, particularly during development, and is important in many physiological and pathological processes including inflammation, wound healing, tumor growth, metastasis, and angiogenesis. A mutation in the zebrafish homologue of the edg-5 gene, miles apart, was shown to cause defective migration of myocardial cells during vertebrate heart development, revealing a unique role for EDG-5 in regulating cell migration in organogenesis of the heart (9) . Disruption of the edg-1 gene in mice by Proia and colleagues revealed that SPP/EDG-1 signaling is essential for vascular maturation (17) . Remarkably, although EDG-1 null embryos died in utero due to massive hemorrhage, they had normal vasculogenesis and a substantially normal blood vessel network, yet were severely impaired in recruitment of smooth muscle cells and pericytes to the vessel walls, presumably due to their defective migration (17) . Recently, we found that migration of cells from these embryos toward SPP (17) and platelet-derived growth factor (PDGF) (18) , which stimulates sphingosine kinase and increases intracellular SPP in many cell types (19) , was dependent on expression of EDG-1. Moreover, PDGF activated EDG-1, as measured by its phosphorylation and translocation of ␤-arrestin, suggesting a new mechanistic concept for cross-communication between a tyrosine kinase receptor, PDGFR, and a GPCR such as EDG-1 (18) . In this study, we used EDG-1 null fibroblasts to determine the role of EDG-1 in cell growth and survival mediated by SPP and PDGF and examined the molecular mechanisms whereby EDG-1 so dramatically influences directed cell movement.
MATERIALS AND METHODS

Cell culture
MEFs were derived from wild-type and EDG-1Ϫ/Ϫ day 8.5 embryos (17) . Embryos were dissected, rinsed with phosphate-buffered saline (PBS), minced, and digested with trypsin (2 min at 37°C in 2.5% trypsin/1 mM EDTA). Trypsin was inactivated by addition of Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. Cells were subcultured every 3 days for a maximum of 10 passages. Only MEFs from passages 2-9 were used for experiments. Immortalized fibroblasts were obtained from spontaneously transformed MEFs after continuous culture.
DNA synthesis
[
3 H]Thymidine incorporation into DNA was measured as described (20) . Values are the means of triplicate determinations and sds were routinely less than 10% of the mean.
Determination of apoptotic cells
Wild-type and EDG-1Ϫ/Ϫ embryonic fibroblasts were plated in 24-well clusters at a density of 1 ϫ 10 4 cells/well in DMEM containing 10% FBS, washed, and incubated in serum-free media containing the indicated agents for 48 h. Cells were then fixed, stained with Hoechst, and apoptosis assessed as described previously (20) . In some experiments, viable cells were determined by trypan blue exclusion.
Chemotactic motility
Chemotaxis was measured in a modified Boyden chamber as described previously using polycarbonate filters (25ϫ80 mm, 12 m pore size) coated with collagen type I (50 g/ml in 5% acetic acid) (5). Chemoattractants were added to the lower chamber and cells were added to the upper chamber at 5 ϫ 10 4 cells per well. After 18 h, nonmigratory cells on the upper membrane surface were mechanically removed and the cells that traversed and spread on the lower surface of the filter were fixed and stained with Diff-Quik. The number of migratory cells per membrane was counted using a microscope with a 20ϫ objective. Each data point is the average number of cells in four random fields, each counted twice, and is the average Ϯ sd of three individual wells.
In vitro wound healing assay
Confluent fibroblast monolayers were wounded by scraping with a pipette tip, washed twice to remove detached cells, and incubated in serum-free DMEM containing 0.1% BSA. After 12 h, cells were fixed with 2% glutaraldehyde in PBS and photographed.
Western blotting
Fibroblasts were scraped in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EDTA, 2 mM sodium orthovanadate, 4 mM sodium pyrophosphate, 100 mM NaF, 1 mM PMSF, 5 g/ml leupeptin, 5 g/ml aprotinin). In some experiments, the cytoskeletonassociated, Triton X-100-insoluble fraction was recovered by centrifugation (14,000 g, 10 min, 4°C) and resuspended lysis buffer supplemented with 1% SDS. Equal amounts of proteins were separated by 10% SDS-PAGE and transblotted to nitrocellulose. Anti-paxillin, anti-Cas, and FAK (Transduction Labs, Lexington, KY), c-Src GD11 antibody (Upstate Biotechnology, Lake Placid, NY), and anti-Src [pY 418 ] and FAK [pY 577 ] antibodies (Biosource, Rockville, MD), phospho-p38, p38, and phospho-ERK1/2 antibodies (New England Biolabs, Beverly, MA), anti-PDGF receptor polyclonal antibody, and phosphotyrosine monoclonal antibody 4G10 (Upstate Biotechnology, Lake Placid, NY) were used as primary antibodies. Immunocomplexes were visualized by enhanced chemiluminescence (20) .
Immunostaining
Cells grown on glass coverslips coated with 50 g/ml collagen I were incubated overnight in DMEM. Cells were fixed in 3.7% formaldehyde for 30 min at room temperature and permeabilized in 0.5% Triton-X100 for 5 min. Actin filaments were visualized with Alexa 488-conjugated phalloidin (Molecular Probes, Eugene, OR) and focal complexes with antibodies to vinculin (Upstate Biotechnology, Lake Placid, NY), followed by staining with rhodamine-conjugated secondary antibody. After washing three times with PBS, coverslips were mounted on slides using an Anti-Fade kit (Molecular Probes) and cells were examined by confocal microscopy. Where indicated, cells were transfected with 5 g of green fluorescent protein (GFP)-SPHK1 fusion plasmid (20) , treated with PDGF for 5 min, fixed, and visualized by confocal fluorescence microscopy.
Src kinase assay
Cells were lysed in RIPA buffer (1% deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 50 mM HEPES (pH 7.4), 4 mM EGTA, 2 mM EDTA, 2 mM NaVO 4 , 5 g/ml aprotonin, 5 g/ml leupeptin, and 1 mM PMSF) and insoluble material was pelleted. Supernatants were precleared by incubation with a 1:1 Protein A/G (Santa Cruz) slurry for 1 h at 4°C, followed by brief centrifugation to remove the beads. Either Src or Yes monoclonal antibodies or Fyn polyclonal antibody were added to lysates and samples incubated for 1 h at 4°C. Antibody complexes were precipitated with protein A/G. Beads were washed in RIPA and then in buffer containing 50 mM PIPES-KOH (pH 7.0), 50 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT, 1 g/ml aprotonin, 1 g/ml leupeptin, 0.5 mM PMSF. Kinase reactions were carried out using a synthetic peptide corresponding to amino acids 6 -20 of p34 cdc2 . Reaction solution (25 l) containing 500 M peptide, 200 M ATP, and 0.4 mCi/ml ␥-32 P-ATP was added to 25 l of each sample. In each case, the activity in the absence of substrate peptide was also determined. After 10 min incubations at room temperature, reactions were stopped by centrifugation and spotting an aliquot of the supernatants on Whatman P81 filter paper. Filters were washed in 1% phosphoric acid and radioactivity determined by liquid scintillation counting.
RESULTS
Cell migration is defective in EDG-1 null fibroblasts
Recently, we have shown that cell migration toward PDGF, a growth factor that stimulates sphingosine kinase and increases SPP, was dependent on expression of EDG-1. Conversely, deletion of EDG-1 markedly reduced chemotaxis toward PDGF (18) . Thus, it was of interest to examine whether this was a PDGF-specific effect or whether migration toward other growth factors and chemoattractants was also EDG-1-dependent. Fibroblasts isolated from EDG-1 knockout mouse embryos (17) not only did not migrate toward PDGF, but had reduced chemotaxis to IGF-1 and thrombin, whereas migration toward EDG was also reduced, albeit much less (Fig. 1A) . However, migration toward fibronectin was unaffected, suggesting that, in contrast to chemotaxis-driven motility, EDG-1 is not required for haptotactic cell migration.
In the Boyden chamber cell migration assay, differences in cell shape and size may affect passage through the pores in the membrane. These properties do not affect the wound healing assay, which can also be used to qualitatively compare cell migration. Thus, after making a wound in a monolayer of cells, wild-type mouse embryonic fibroblasts (MEFs) rapidly migrated into the wounded area whereas EDG-1Ϫ/Ϫ fibroblasts were not able to actively invade the wound (Fig. 1B) . To further examine the role of EDG-1 in cell migration, we established immortalized fibroblast lines from wild-type and EDG-1Ϫ/Ϫ MEFs. The immortalized EDG-1Ϫ/Ϫ cell line retained the severe migratory defects previously noted in the MEFs (18; Fig. 1 ) not only toward SPP and PDGF, but also toward IGF-1 (Fig. 1C) . Similar to our previous results with wild-type MEFs (18), treatment with pertussis toxin to inactivate G i -coupled EDG-1 also markedly reduced migration of these EDG-1ϩ/ϩ immortalized cells toward SPP and PDGF (data not shown). Furthermore, the migratory defect is clearly related to the lack of expression of EDG-1 as enforced expression of EDG-1 was able to reverse the migratory defect of these cells (Fig. 1D ). ) and EDG-1Ϫ/Ϫ MEFs (filled bars) were allowed to migrate toward PDGF-BB (20 ng/ml), EGF (20 ng/ml), IGF-1 (40 ng/ml), thrombin (1 U/ml), or fibronectin (10 g/ml) and chemotaxis was measured. Data are means Ϯ sd of triplicate determinations. Similar results were obtained in three independent experiments. B) Migration in a wound healing assay. Wild-type and EDG-1Ϫ/Ϫ MEF monolayers cultured on collagen-coated slides were wounded by scraping with a pipette tip, allowed to migrate into the wound for 12 h, then fixed and photographed. C) Immortalized wild-type (open bars) and EDG-1Ϫ/Ϫ (filled bars) fibroblasts were allowed to migrate toward the indicated chemoattractants and chemotaxis was measured. D) Migration defect is rescued by enforced expression of EDG-1. Immortalized EDG-1Ϫ/Ϫ fibroblasts were grown on collagen-coated slides and were transfected with vector (GFP) or with EDG-1-GFP; after 16 h, migration into a wound was analyzed. The migration index is the ratio of the percentages of GFP-positive cells inside and outside the monolayer wounds from three random fields. Similar results were obtained in two additional experiments. Transfection efficiency was ϳ40%.
SPP-and PDGF-induced cellular proliferation are independent of EDG-1 expression
Recent studies suggest that EDG-1 plays a critical role in SPP-stimulated proliferation of endothelial cells (5, 14, 21) , whereas in other cell types its effect appears to be mediated by intracellular actions (22) . We used fibroblasts isolated from EDG-1 knockout mouse embryos to definitively determine whether EDG-1 is essential for the mitogenic effects of SPP and PDGF. Unexpectedly, the mitogenic effect of SPP was not abrogated in EDG-1Ϫ/Ϫ fibroblasts ( Fig. 2A) . Moreover, sphingosine, which is readily taken up by cells and converted intracellularly to SPP, was as effective in stimulating proliferation of EDG-1Ϫ/Ϫ fibroblasts as wild-type fibroblasts. Similarly, the mitogenic effects of PDGF-BB and FBS were not significantly different in wild-type and EDG-1Ϫ/Ϫ MEFs ( Fig. 2A) . In agreement, no significant differences in DNA synthesis in response to SPP, PDGF, or serum could be detected between wildtype and EDG-1Ϫ/Ϫ-immortalized fibroblast cell lines (Fig. 2B) . These results suggest that EDG-1's function is dispensable for the mitogenic effects of SPP and PDGF.
Mitogen activated protein (MAP) kinase family, ERK, SAPK/JNK, and p38 play an important role in cell growth, survival, and motility (23) . Although it is well established that ERK activation is required for PDGFstimulated DNA synthesis, activation of p38 is required for PDGF-induced cell motility and actin reorganization (24) . In agreement with previous studies (24) , in wild-type fibroblasts, PDGF induced sustained activation of ERK1 and ERK2 (Fig. 2C ) and a more transient activation of p38 (Fig. 2C) , whereas SAPK1/JNK was not stimulated at all (data not shown). Although EDG-1 deletion had no significant effect on activation of ERK induced by PDGF, it almost completely eliminated p38 activation (Fig. 2C ).
Survival effects of SPP and PDGF are not compromised by EDG-1 deletion
Activation of EDG-1 by SPP has also been shown to protect endothelial cells from apoptosis (14, 21) and this survival effect was markedly attenuated by EDG-1, but not EDG-3 or EDG-5, antisense oligonucleotides (14) , whereas other studies suggested that suppression of apoptosis was mediated via intracellular actions (20, (25) (26) (27) (28) (29) . Therefore, it was important to examine the cytoprotective effect of SPP in EDG-1 knockout fibroblasts. In agreement with previous studies (20) , serum deprivation induced apoptosis in a time-dependent manner, where shrinkage and condensation of nuclei were clearly evident after 48 h (Fig. 3A, B) . Disruption of the edg-1 gene had no significant effect on apoptosis (Fig. 3) . Moreover, similar to other cell types (25, 26) , addition of micromolar concentrations of SPP (Fig. 3A,  B) , but not nanomolar concentrations (data not shown), to control or EDG-1Ϫ/Ϫ fibroblasts markedly suppressed apoptosis induced by serum deprivation or the chemotherapeutic drug doxorubicin. These protective effects were specific and unrelated to EDG-1, because dihydro-SPP, which lacks the trans double bond present in SPP yet binds and activates EDG-1 equally well (5, 22) , did not significantly prevent apoptosis in wild-type or mutant fibroblasts. Moreover, there were also no significant differences in either the extent of the cell death responses or the protection by PDGF or SPP of wild-type and EDG-1Ϫ/Ϫ-immortalized fibroblast cell lines to serum starvation or other apoptotic stimuli (Fig. 3C) , including doxorubicin or tumor necrosis factor ␣ TNF-␣ in the presence of actinomycin D, which sensitizes cells to the toxic effect of TNF-␣ (30).
EDG-1 null fibroblasts display aberrant cytoskeletal architecture and focal contacts in response to PDGF
Cell movement is a complex process orchestrated by the interplay of leading edge formation and the turnover of the focal adhesions that tether the cell to the extracellular matrix. Leading edge formation is under the control of members of the Rho family of small GTPases (Rac, Cdc42, and Rho) (15, 16) and involves actin polymerization and the formation of nascent focal adhesion complexes. The turnover of focal adhesions is modulated by tyrosine kinases that reside within these complexes, such as focal adhesion kinase (FAK) (31) and Src (32) (33) (34) . To better understand the migratory defect of EDG-1 null fibroblasts toward PDGF, we first examined the architecture of the cytoskeleton and focal adhesion formation. No obvious differences between quiescent wild-type and EDG-1Ϫ/Ϫ MEFs were revealed by phalloidin staining of actin filaments or by antibodies to the cytoskeleton protein vinculin, a major component of focal adhesions (Fig. 4) . However, although PDGF, as expected (15, 16, 35) , caused extension of lamellipodia at the cell periphery of wild-type fibroblasts, lamellipodia were almost completely absent in PDGF-treated EDG-1 null fibroblasts (Fig. 4) . Moreover, vinculin-positive patches were scattered across the ventral surface of EDG-1Ϫ/Ϫ cells, in contrast to the typical focal adhesions at the cell periphery observed in wild-type cells. Reminiscent of the morphological changes in FAK deleted fibroblasts (31, 36) , actin fibers were much more dense around the periphery of EDG-1-deficient cells (Fig. 4G) , rather than organized in long parallel projections equally distributed throughout the cell as in the wild-type fibroblasts.
Similarly, PDGF did not induce membrane ruffles in immortalized EDG-1 null fibroblasts, but instead triggered the formation of filopodia or microspikes ( Figure  5A, B) . To further substantiate the role of EDG-1 in PDGF-induced lamellipodia extension, immortalized EDG-1 null fibroblasts were transfected with GFP-EDG-1 and treated with PDGF (Fig. 5) . In contrast to untransfected cells, GFP-EDG-1 transfected EDG-1 null fibroblasts exhibited copious ruffling on PDGF treatment (Fig. 5D, F) .
PDGF induces translocation of sphingosine kinase to ruffles
The acquisition of spatial and functional asymmetry between the front and rear of the cell is a necessary step for directional migration. It has been suggested that components of G-protein receptor systems may accumulate at the front of polarized cells accounting for increased responsiveness to chemoattractants at the anterior (37) (38) (39) . Nonetheless, chemoattractant receptors remain evenly distributed on the surface of polarized cells (37, 39) and intermediate intracellular signals that are important for directional migration may be produced in a spatial and temporal manner. Thus, it was tempting to speculate that PDGF might elicit this steep signaling gradient by recruitment of sphingosine kinase to the leading edge where local formation of SPP could result in restricted activation of EDG-1. Indeed, although sphingosine kinase is diffusely distributed in the cytosol of unstimulated cells, PDGF rapidly induced translocation to membrane ruffles as visualized with a SPHK-GFP fusion protein (Fig. 6) . Sphingosine, the substrate of SPHK, is a membrane-bound lipid. Hence, recruitment of SPHK to membrane ruffles should generate SPP in a spatially restricted manner.
Molecular basis for cross-talk between EDG-1 and PDGFR signaling: aberrant FAK phosphorylation and activation
The observation that deletion of edg-1 does not affect proliferative or survival responses to PDGF, yet eliminates PDGF-mediated motility, suggests that the point of signal disruption lies downstream of the PDGFR. Indeed, there were no significant differences in PDGFinduced tyrosine phosphorylation of PDGFR in EDG-1Ϫ/Ϫ compared to wild-type fibroblasts, reaching a maximum level within 5 min and decreasing thereafter (Fig. 7A) . In wild-type MEFs, PDGF markedly stimulated tyrosine phosphorylation of proteins with molecular masses of 125 and ϳ60 kDa, which comigrated with FAK and Src, respectively.
FAK has been implicated in organization and turnover of focal adhesions and is a receptor-proximal sensor that integrates PDGFR, GPCR, and integrin signals required for cell migration (34, 36, 40) . In agreement with other studies (34) , in wild-type fibroblasts PDGF rapidly increased phosphorylation of cytoskeleton-associated FAK on Y 577 (Fig. 7B) , which is located in the kinase catalytic domain and required for maximal activity; in EDG-1Ϫ/Ϫ MEFs, PDGF had no effect on tyrosine phosphorylation of FAK, which appeared to be constitutively hyperphosphorylated (Fig.  7B ). In agreement with previous studies demonstrating that FAK functions as part of a large cytoskeletonassociated network of signaling proteins, which includes the Src family tyrosine kinases, p130Cas, and paxillin (41) , PDGF rapidly induced translocation of p130Cas and paxillin to focal adhesions in wild-type MEFs (Fig. 7C) . Similar to FAKϪ/Ϫ cells, levels of the focal adhesion components paxillin and Cas associated with the cytoskeleton appeared to be enhanced in EDG-1Ϫ/Ϫ cells and not regulated by PDGF (Fig. 7C) . 
Edg-1 deletion abrogates PDGF-induced Src activation
Because active recruitment and activation of Srcfamily protein tyrosine kinases (Src, Yes, and Fyn, hereafter referred to as Src) to FAK at its phosphorylated Y397 site may be the first of several signaling events necessary to promote PDGF-stimulated cell migration (32, 36, 42, 43) , it was important to determine whether the migration defect might also be related to activation of Src. In wild-type MEFs, similar to previous reports (reviewed in ref 34) , PDGF induced activation of cytoskeleton-associated Src within 5 min (Fig. 8A) , as determined by Western blotting with an antibody specific for phosphotyrosine 418, an autophosphorylation site located in the Src catalytic domain required for full activity. In contrast, basal Src activation was higher and PDGF did not further increase Y418 phosphorylation in the EDG-1 deleted cells, even after 60 min. Identical results were obtained with immortalized fibroblasts (Fig. 8B ). In agreement with previous suggestions that a pertussis toxin sensitive G i -protein regulates activation of Src by PDGF in airway smooth muscle cells (44, 45) , we found that pertussis toxin inhibited PDGF-induced activation of Src, Fyn, and Yes in wild-type cells (Fig. 8C) . Although disruption of EDG-1 abrogated the ability of PDGF to stimulate Src, it only had a small effect on Fyn activation (Fig.  8C) . Taken together, these results suggest that activation of FAK and Src by PDGF is aberrant in the absence of EDG-1.
DISCUSSION
Role of EDG-1 in migration but not in DNA synthesis or survival
In this study, we have demonstrated that although the GPCR, EDG-1, plays a critical role in PDGF-induced cell motility, it appears to be dispensable for mitogenicity and survival effects, even those induced by its ligand SPP. Thus, migration of EDG-1 null fibroblasts toward PDGF is markedly inhibited whereas EDG-1 deletion has no effect on PDGFR functions important for cell cycle progression, including tyrosine phosphorylation of the receptor itself and ERK1/2 activation. In addition, dihydro SPP, which binds and activates EDG-1, did not significantly prevent apoptosis in wild-type fibroblasts expressing EDG-1, yet it had chemoattracting effects similar to SPP. Thus, EDG-1 functions in an unprecedented manner as an integrator linking the PDGFR to the cellular machinery of cell migration. Recently, we showed that PDGF trans-activated EDG-1 and proposed a new mechanistic concept for crosscommunication between a tyrosine kinase receptor, PDGFR, and a GPCR such as EDG-1 (18) . Further support for this notion recently emerged from the demonstration that PDGFR is tethered to EDG-1 providing a platform for integrative signaling by these receptors (46) . According to this paradigm, stimulation of PDGFR by PDGF activates sphingosine kinase resulting in increased formation of SPP, which in turn stimulates EDG-1 leading to activation of downstream Figure 6 . Translocation of SPHK1 to membrane ruffles induced by PDGF. NIH 3T3 fibroblasts (A) and immortalized wild-type murine fibroblasts (B) were transiently transfected with SPHK1-GFP, serum starved overnight, and stimulated without or with 20 ng/ml PDGF for 5 min as indicated. Cells were fixed, permeabilized, and stained with Texas red-phalloidin to detect actin fibers, then examined by fluorescence confocal microscopy to localize the SPHK1-GFP fusion protein (green) and actin cytoskeletal structures (red). The arrows indicate membrane ruffles. signals critical for cell locomotion (see below). This type of cross-communication seems to be important for microvasculature maturation during development (17) , when PDGFR-␤ positive pericytes are recruited to capillaries from progenitors in the vessel walls through the action of PDGF-BB secreted from endothelial cells (47, 48) . EDG-1-, PDGF-BB-, and PDGFR-␤-deficient embryos all lack microvascular pericytes/smooth muscle cells surrounding their vessel walls, causing their rupture and massive hemorrhaging (17, 47, 48) . Dysfunctional migration of EDG-1Ϫ/Ϫ cells toward PDGF links these phenotypes at the final steps of vasculogenesis, underscoring the importance of endothelial cellpericyte communication in vascular maturation. Moreover, our findings that EDG-1 plays a critical role in directed cellular motility may provide the underlying mechanism of the newly discovered role of SPP in in vivo angiogenesis (7, 12, 14) . Whether other growth factors such as epidermal growth factor (EGF) and VEGF use similar mechanisms to trans-activate EDG-1 remains to be determined.
How does EDG-1 signaling so profoundly affect directed cell movement?
EDG-1 plays a critical role in integrating the responses of several key elements of directed cell movement, including Rac (18), important for lamellipodia formation at the leading edge (15, 16, 35) ; FAK and Src, which are necessary for formation and turnover of focal complexes (31) (32) (33) 36) ; and stress-activated protein kinase-2 (p38), which is involved in actin reorganization and PDGF-induced cell migration (24) .
Although the mechanism whereby the G i -linked receptor EDG-1 regulates Rac activation in response to PDGF is not well understood, both tyrosine kinases of the Src family and PI3K link G␤␥ complexes to activation of Rac via regulation of guanine nucleotide exchange factors (GEFs; reviewed in ref 49) . One of these, T lymphoma invasion and metastasis gene 1 (Tiam1), a specific GEF for Rac (50) , might be involved as it is activated by both PDGF and SPP/EDG-1 signaling (14, 51) . Alternatively, when activated by G␤␥ or recruitment to the membrane mediated by ␤-arrestin (52, 53) or by binding of G ai to its catalytic domain (54) , Src can directly phosphorylate Ras-GRF1, thereby inducing GEF activity toward Rac (55) . Another candidate for a role in Rac activation is the Cas/Crk complex formed downstream of Src and/or FAK activation (56), as we previously showed that inhibitors of sphingosine kinase suppressed PDGF-induced Crk phosphorylation but did not affect PDGFR autophosphorylation or phosphorylation of the adaptor protein Shc (57) . One downstream target of Rac is p38 (58) . Indeed, binding of SPP to EDG-1 in several cell types has been shown to activate p38 (7) and inhibitors of this MAP kinase, but not MEK1, the kinase directly upstream of ERK1/2, inhibit motility responses induced by SPP/EDG-1 (59). Migration of fibroblasts toward PDGF is inhibited by expression of dominant-negative Rac, whereas blocking the ERK pathway by dominant-negative MEK1 did not inhibit migration toward PDGF (60) . By contrast, migration toward fibronectin was dependent on the ERK pathway but not on Rac, concordant with our finding that EDG-1 deletion also did not markedly affect migration toward fibronectin, indicating that EDG-1 is not important for haptotaxis. Similar to our results, MEFs from mice with a disruption of the gene encoding G␣ 13 , which resulted in vascular system defects, also showed greatly impaired migratory responses to thrombin but not to fibronectin (61) .
Activation of EDG-1 by SPP stimulates tyrosine phosphorylation of FAK (62) and chemotaxis (5, 62). Re- cent evidence indicates that PDGF promotes phosphorylation of FAK at Y397, creating an SH2-binding site that acts as a 'switchable adaptor' to recruit Src to focal adhesion complexes (36) . FAK phosphorylation at this indispensable Src binding site functions as part of the cytoskeleton-associated network of signaling molecules downstream not only of PDGFR, but also of integrin and GPCRs, to regulate cell motility (34, 36) . We previously showed that autophosphorylation of FAK on Y397 is essential for regulation of cell motility by SPP (63) .
Migratory deficits were noted in cells lacking Src (64) or FAK and reintroduction of FAK, but not unphosphorylatable mutant Y397F FAK, in FAK-deficient cells restored their ability to migrate (36) . Because the tyrosine kinase activity of Src has been shown to promote turnover of focal contacts (33), the aberrant cell migration reflects defects in focal adhesion turnover. Notably, PDGF-induced focal adhesion complexes, tyrosine phosphorylation, as well as activation of cytoskeleton-associated Src and FAK, were all dysregulated in the absence of EDG-1. This indicates that recruitment and activation of Src by PDGF depend on activation of EDG-1. These data provide an explanation for the observation that pertussis toxin inhibits activation of Src by PDGF (44, 45) . However, it is unlikely that Src is solely responsible for the migratory defects, as it was recently shown that triple null mutations of Src, Yes, and Fyn (64) , in contrast to the effect of FAKϪ/Ϫ (31, 36), had little effect on PDGF-induced cell migration.
G-protein-coupled receptor signaling at the leading edge
An early event that marks directional responses of cells is the restricted translocation of the pleckstrin homology (PH) domain containing proteins (indicative of local generation of PIP 3 ) in a manner similar to the polarity of distribution of G␤␥ subunits along the leading edge (37, 38) . However, the asymmetric redistribution of ␤␥ subunits is not sufficiently localized to restrict events to the leading edge (38) , and it has been suggested that chemoattractant-associated PH recruitment requires an intermediate pathway dependent on the activity of one or more of the small GTPases (39) . The data presented here identify a new mechanism that impinges on the signaling cascade that brings about this steep signaling gradient. A tantalizing notion is that recruitment of sphingosine kinase to membrane ruffles and local generation of SPP may convert tyrosine kinase receptor signaling into directed migration. Hence, spatially and temporally restricted generation of SPP in response to PDGF results in restricted activation of the GPCR EDG-1, which in turn recruits and activates tyrosine kinases, such as Src and FAK, and the small GTPase Rac at the inner plasma membrane facing the stimulus. This may lead to amplification of signaling at the leading edge of the cell (39) .
How do cells generate a steep gradient of SPP?
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